Abstract-The ability to selectively deposit platinum black (PtB) on iridium microelectrodes and functionalize the surface for the purposes of choline sensing was investigated in this study. Platinum black was deposited by cycling 100-200 times between 0.5 V and -0.7 V in a solution of 1 mM K 2 PtCl 6 in 0.1 M KCl. Deposition of PtB showed good chemical stability as well as good adhesion following insertion into agarose gel as a model for brain insertion. Electrode sites were also tested for their oxidative capabilities of hydrogen peroxide during which they showed high current change in response to small concentration changes -attributable to the high surface area of the PtB. Sites were then coated with an enzyme solution containing choline oxidase, and a permselective layer of metaphenylenediamine was added to filter interferents. Electrode sites yielded a high sensitivity to choline compared to interferents including ascorbic acid and dopamine.
I. INTRODUCTION
large part of today's brain recording technology focuses on characterizing and studying electrical activity. The brain is often studied as an electrical circuit; however, neurotransmitters play an important role in synaptic transmission that should also be considered to better understand neurophysiology. Chemical signaling between neurons leads to excitation and inhibition of neuronal circuits and, more importantly, can help to explain neuronal plasticity [1] . The ability to record both electrical and chemical activity can lead to new insights on the interactions between neurons and can help with further developing our understanding of the structure and function of the brain.
neurotransmitter activity of acetylcholine, dopamine, glutamate, and other neurochemicals [2] [3] [4] . Modification of multisite electrodes after fabrication, allows for a modular approach to creating probes with capabilities for sensing neurotransmitters in the brain, pH levels, and electrical activity [5, 6] .
This modular functionalization of probes can be achieved using a combination of metal electrodeposition and enzyme coatings. Byproducts of the reaction of the surface enzymes with their corresponding neurochemicals can be detected via the oxidative properties of the underlying metal substrates. Past studies have used platinum sputtered sites coated with choline oxidase (ChOx) to convert choline to hydrogen peroxide (H 2 O 2 ), which can then be measured through oxidation at the electrode surface [7] . Platinum acts as an excellent electrode substrate for amperometric sensing of these oxidative currents due to its inert, pseudocapacitive properties [8] and rapid electrocatalytic kinetics [9] . The aim of this study is to modify standard iridium microelectrode sites for choline sensing, through electrodeposition of platinum black (PtB), followed by application of an enzyme coating and permselective layer of meta-phenylenediamine (mPD). When deposited, PtB is porous, which can increase the effective electrode surface area and the resulting sensitivity of amperometric measurements [10, 11] . To this end, we have demonstrated and validated the deposition of PtB with a ChOx coating, towards the development of a modular probe platform with integrated chemical and electrical sensing technologies.
II. MATERIALS & METHODS

A. Silicon Probes
Probes with iridium electrode sites used in this study were supplied by the University of Michigan Center for Neural Communication Technology. Individual probes consisted of two shanks, each with two groups of tetrode sites, resulting in a total of 16 sites available for deposition per probe. Individual electrode sites were 177 µm 2 in area. Iridium (Ir) electrodes are a common material used in today's implantable neural electrodes, making them an ideal choice for post-fabrication surface modifications.
B. Electrochemical Deposition
Methods used for this study have been adopted and Electrochemical sensing via selective surface modification of iridium microelectrodes to create a platinum black interface modified from previous studies [12, 13] . Platinum black depositions took place in a solution of 1 mM K 2 PtCl 6 (Sigma, 206067) in 0.1 M KCl (Sigma) using potentials cycled between -0.7 V for 10 s and 0.5 V for 5 s vs. Ag|AgCl (Fisher Scientific). Each site underwent 100-200 cycles, during which platinum deposition took place at -0.7 V while the 0.5 V resting phase allowed for replenishment of platinum ions at the electrode surface. Confirmation of deposition was verified each time using a combination of visual inspection under a microscope, post-deposition impedance values, and post-deposition cyclic voltammetry (CV) measurements.
C. Electrode Characterization
Electrochemical impedance spectroscopy (EIS) and CV measurements were taken using an Autolab PGSTAT12 potentiostat (Eco Chemie, Utrecht, Netherlands). To obtain EIS and CV measurements, each probe was submerged in a phosphate buffered saline (PBS) solution of 137 mM sodium chloride, 2.7 mM potassium chloride, and 11.9 mM phosphate buffer with a large surface area platinum foil counter electrode and a standard Ag|AgCl probe as reference. Impedance measurements were taken between 10 Hz and 31 kHz at 25 mV rms . CV values were obtained by cycling from 0.8 V to -0.6 V at sweep rates of both 1 V/s and 100 mV/s.
Following deposition of PtB, each site was subjected to a 500 cycle test (CV500) of sweeping between 0.8 V and -0.6 V at a rate of 1 V/s. This range of voltages was set as the boundaries for CV cycling to ensure we did not exceed the water window [14] . To test the adherence of PtB to the underlying Ir electrode sites, after the CV500 test, each probe was inserted into 0.6% (w/v) agarose gel (Sigma) using a Precision Linear Actuator (P/N M-230.25, Polytec PI, Karlsruhe, Germany) to simulate shearing forces a probe would encounter upon true brain insertion. The probe was driven into the agarose to a depth of 2 mm at a speed of 1.2 mm/sec. After approximately five seconds, the probe was removed at the same speed and acceleration. EIS and CV measurements were taken pre-deposition, postdeposition, after CV500, and post agarose insertion/removal.
To test the oxidative capabilities of the newly formed PtB sites, probes that had not undergone CV500 or mechanical stability testing were immersed in PBS and a potential of 700 mV (vs. Ag|AgCl) was applied at each site using a BioStat System (Discovery Technology International, LLLP, Sarasota, FL). Once the baseline current values had reached steady state, increasing amounts of H 2 O 2 in PBS were added to the initial 10 ml PBS bath to reach the following concentrations: 0.5 µM, 2.5 µM, 10 µM, 20 µM, 30 µM, and 50 µM. After each new addition of H 2 O 2 /PBS, the current was again allowed to reach steady state before more solution was added.
D. Choline Oxidase Functionalization
Probes that had been used for H 2 O 2 sensing were then functionalized to detect choline. First a coating solution was made consisting of 1.14% (w/v) ChOx (Sigma, C5896), 0.16% (v/v) glutaraldehyde (Sigma, G5882), 1.43% (w/v) bovine serum albumin (Sigma, A9647) in PBS [15] . Sites were then coated with this mixture and refrigerated at 4 ºC for at least 48 hours. A permselective layer to block interferents was then electrodeposited on the electrode sites by applying 500 mV (vs. Ag|AgCl) to individual electrode sites submersed in 0.5 mM mPD (Sigma, 78422) in PBS (purged with nitrogen gas) for 60 minutes. Probes were then calibrated for sensitivity to choline using the same concentration values as discussed above with H 2 O 2 .
III. RESULTS
A. Impedance
Deposition of PtB is known to significantly reduce site impedance [16, 17] . Fig. 1 shows approximately an order of magnitude drop in site impedance across all tested frequencies (10 Hz to 31 kHz) after PtB deposition. Impedances rose slightly after both the CV500 and insertion tests, but stayed within close range of their lowest values achieved immediately after deposition. AC impedance serves as a helpful metric in determining platinum adherence and can be useful in other applications of PtB, including the possibility of using PtB for recording electrophysiological activity.
B. CV Measurements
Charge storage capacity (CSC) of each site was calculated from the full area under the CV curve, scaled by the inverse of the scan rate. Initial values demonstrate the lower CSC of Ir as seen in Fig. 2 , where values are less than 1000 µC/cm 2 . Deposition of PtB greatly increased CSC by a factor of over one order of magnitude, pointing to the large increase in surface area due to the rough PtB surface [10] . Values acquired after CV500 and post-insertion show a drop; however, values are still at least one order of magnitude larger than initial values for both sweep rates.
To characterize the electrochemical stability of the PtB deposition, each site was also cycled between -0.6 V and 0.8 V, 500 times. Fig. 3 depicts the multiple CV plots for a representative site whose peaks and dips match those of previous findings [14] . After a short time period, cycles begin to quickly overlap indicating a brief change in performance, followed by electrochemical stability. This behavior corresponds well with Fig. 3 where the average CSC values for all sites demonstrate a rapid increase and then quickly level off to more stable values.
C. Hydrogen Peroxide Oxidation & Choline Sensing
Sensitivity values reflect the capability of electrode sites to detect varying concentrations of either H 2 O 2 or choline. Larger values indicate that a given site performs better at sensing small concentration changes of a given chemical. The mechanism of detection starts with the oxidation of H 2 O 2 at the PtB surface. The resulting oxidation causes a change in the baseline current, which is then used as a measure of analyte concentration. Measuring choline is also achieved through the oxidation of H 2 O 2 , one of two byproducts released in the enzymatic breakdown of choline by choline oxidase [18] .
Multiple H 2 O 2 concentration sensitivity studies were conducted, resulting in average site-specific sensitivity values (Fig. 4) . This metric was used to demonstrate that the uncoated PtB maintained stable oxidative performance over multiple experiments. Sites coated with the enzyme solution and mPD were then characterized in response to increasing concentrations of choline (Fig. 4) . The observed lower choline sensitivity values in comparison to H 2 O 2 , corresponds with established literature reflecting the decreased choline accessibility to surface ChOx by the mPD coating and subsequently the ability of the PtB to respond to the resultant H 2 O 2 [19] . Sites also maintained good selectivity over potential interferents including ascorbic acid (AA) and dopamine (DA) (data not shown).
IV. DISCUSSION
The purpose of this study was to demonstrate the feasibility of functionalizing iridium multi-site microelectrodes with platinum black as a surface substrate for detecting choline, using an overlaying coating of choline oxidase and a permselective mPD coating. Our findings here have shown that PtB is a suitable material for choline sensing and additionally has electrical and mechanical qualities that would make it a good candidate for use in electrophysiological recordings and electrical stimulation applications.
Results from both EIS and CV measurements have confirmed both the adherence of the PtB and increased surface area while still maintaining a small footprint. Past literature has commented on the poor adherence of electrodeposited PtB [11] . After insertion into an agar model of brain tissue, PtB sites showed some deformities, but overall quality of the deposition was not severely compromised as indicated through impedance and CV measurements. While not examined in this study, it is likely that the enzyme functionalization and permselective coatings may protect the PtB from shear forces. Impedance values (Fig. 1 ) may have risen after both CV500 and mechanical insertion, yet they still remain in a range sufficient to maintain function. The overall magnitude increase in CSC underscores the large area of PtB available to store charge and more importantly, to serve as a reactive surface for the oxidation of H 2 O 2 , without damaging or degrading the electrode surface. However, the drop in the CSC observed following the post-CV500 or mechanical insertion tests could be accounted for by the loss of loose platinum at the site surface or deformation that sites may undergo upon insertion.
PtB microelectrode sites show significant potential for in vivo biosensing of neurotransmitter release. PtB sites demonstrated sensitivity to H 2 O 2 and choline. Choline sensitivity was approximately one order of magnitude lower than that of H 2 O 2 , most likely due to the permselective coating [19] . This result is expected, as not all H 2 O 2 molecules created by ChOx will diffuse to the electrode surface. The highly porous nature of PtB provides increased surface area within the same geometric area as sputtered electrode sites and thus can provide increased sensitivity. In addition, the sensing capabilities of the probe were able to distinguish choline over the interferents of AA and DA. Further optimization of the enzyme and mPD coating procedures specific to the PtB electrodes may improve choline sensitivity, limits of detection, and selectivity over potential interferents. 
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